Biosynthesis of phenylpropanoid natural products in tobacco was perturbed by introduction of a heterologous (bean) phenylalanine ammonia-lyase (PAL; L-phenylalanine ammonia-lyase, EC 4.3.1.5) gene, modified by inclusion of cauliflower mosaic virus 35S enhancer sequences in its promoter. These transgenic plants can exhibit a series of unusual phenotypes including localized fluorescent lesions, altered leaf shape and texture, reduced lignification in xylem, stunted growth, reduced pollen viability, and altered flower morphology and pigmentation. Genetic analysis of a transformant with severe symptoms showed that symptom development was inherited as a single, partially dominant trait and cosegregated with reduced levels of PAL activity and soluble phenylpropanoid products. Accumulation of transcripts encoded by the endogenous tobacco PAL genes was suppressed. We conclude that the transgene disrupts PAL regulation and that some of the phenotypes reflect interference with putative signals dependent on phenylpropanoid biosynthesis.
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Phenylalanine ammonia-lyase (PAL; L-phenylalanine ammonia-lyase, EC 4.3.1.5) catalyzes the first step in the synthesis of a diverse array of plant natural products based on the phenylpropane skeleton (1) . PAL activity is highly regulated during development associated with the synthesis of flavonoid pigments and during xylogenesis with the cell wall polymer lignin and by environmental cues for the synthesis of these and other protective compounds (2) . Distinct isoforms of the PAL enzyme subunit are encoded by a small family of differentially regulated genes (3) (4) (5) (6) . Transgenic plants containing the reporter gene p-glucuronidase under the control of the bean PAL2 promoter show tissue-and cell-type-specific expression associated with xylem differentiation during vascular development, in pigmented regions of petals, in root hairs, and in root and shoot meristems (7, 8) . Moreover, in stems the PAL2 promoter is activated in epidermal and subepidermal layers by illumination of dark-adapted plants and in the epidermis and perivascular parenchyma in response to wounding (7) . Nuclear run-off transcription experiments have shown that the activation of PAL transcription by environmental stimuli is characteristically rapid but transient (9) .
These data indicate that PAL transcription is a major control site regulating the induction of PAL activity and initiation of phenylpropanoid biosynthesis in response to developmental and environmental cues. In the present paper, we have used a gene transfer approach to perturb this key step of phenylpropanoid biosynthesis.
MATERIALS AND METHODS PAL2 Expression
Vectors. An expression cassette pYE1, consisting of a cauliflower mosaic virus 35S enhancer element and nopaline synthase 3' flanking sequences was constructed from pBI221 (10) cut with EcoRV and Sac I and ligated to the Sal I (filled-in with Klenow)/Sac I fragment of the pUC19 polylinker. The 5.3-kilobase (kb) PAL2 gene (4) including 1170 base pairs (bp) of 5' flanking sequence was used to generate two exonuclease III 5' deletions with end points at -613 and -235 relative to the transcription start site. These promoter deletions were cut with EcoRI and HindIII, and the ends were filled in and ligated into pYE1 cut with Sma I to give pYE2 and pYE4, respectively, containing the -89 to -800 35S enhancer, the PAL2 gene with the respective 5' promoter deletion, and nopaline synthase 3' flanking sequences. These constructs were excised from pYE2 and pYE4 by Pvu II and cloned into the Sma I site of Binl9 to give pYE6 and pYE11, respectively. pYE10 contains a tandem duplication of the Pvu II fragment of pYE4.
Plant Transformation. pYE6, pYE10, and pYE11 were mobilized into Agrobacterium tumefaciens strain LBA 4404 (10) and transgenic tobacco (Nicotiana tabacum cv. Xanthi) plants generated by the leaf disk method (11) . Transformed plants were selected on Murashige and Skoog (MS) medium (12) containing kanamycin at 200 ,ug/ml and carbenicillin or cefatoxin at 500 ,ug/ml. Transgenic plants were grown under greenhouse conditions at 18 ± 5°C (night) and 27 ± 5°C (day). Transgenic plant (T1) YE6-16 was selfed and seeds were collected. Progeny (T2) were selfed and their genotypes were determined by progeny (T3) analysis. T3 seeds were germinated on MS basal medium containing kanamycin (200 ,ug/ ml). After 2-4 weeks, kanamycin-resistant plants had green leaves, whereas sensitive seedlings had bleached leaves.
Nucleic Acid Analysis. DNA was isolated from tobacco leaves by the cetyltrimethylammonium bromide procedure (13) . RNA was extracted by phenol extraction and isolated as described (14) . Blot hybridizations and other standard manipulations were as described by Sambrook et al. (15) . A tobacco PAL gene sequence was amplified from tobacco genomic DNA by the polymerase chain reaction (16) with partially degenerate primers corresponding to the GIR-FEILEA and QIEAAAIME peptides conserved in the family of bean PAL genes (4). The amplified sequence was cloned in pSP64 (Promega Biotec) to give pPAL-Nt, and its identity was confirmed by nucleotide sequencing (15) and comparison of the deduced amino acid sequences with bean PAL (81% and 71% similarities to bean PAL2 at the amino acid and nucleotide levels, respectively). pSPP2 contains a 1.64-kb Abbreviations: CHS, chalcone synthase; DFR, dihydroflavonol-4-reductase; PAL, phenylalanine ammonia-lyase. §To whom reprint requests should be addressed.
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EcoRI/Nar I fragment of the bean PAL2 gene, comprising 327 bp of the first exon, the 115-bp 5' untranslated region, and 1.2 kb of the 5' flanking sequence cloned in pSP64 (5) . The in vitro transcribed antisense products of pPAL-Nt and pSPP2 were used as probes to monitor the levels of tobacco PAL transcripts and bean PAL2 transcripts, respectively, in RNase protection experiments (5). Nick-translated insertion sequences from the bean pPAL5 cDNA (17) and pPAL-Nt were used to probe Southern blots of genomic DNA (15) .
Enzyme Activity. Flowers and leaf tissue were collected and snap frozen in liquid N2. Leaves of vegetatively propagated plants were harvested from YE6-16 plants at the onset of flowering, and from control and YE10-6 plants of the same age. In YE6-16 T2 progeny, the seventh fully expanded leaf was collected from 9-week-old plants and 2 weeks later the leaf above it was collected. Petals were collected from flowers 1 day before anthesis. PAL activity was measured in cell extracts by a radiometric assay (18) .
Phenolic Analysis. Leaf samples (0.1 g) were homogenized in ice-cold acetonitrile (4 ml) after spiking the sample with
[14C]cinnamic acid (14 KBq , 0.7 nmol) synthesized as described by Dalkin et al. (19) . After centrifugation, the residue was reextracted in 50% (vol/vol) aqueous acetonitrile (4 ml) and the combined extracts were evaporated to 2 ml under reduced pressure. The concentrate was acidified to pH 2 with 1 M HCO and applied to a C-18 Sep Pak cartridge (Waters). After washing with 0.01 M HCl, the phenolic fraction was recovered by eluting the Sep Pak with 2 ml of water plus acetonitrile (6:4; vol/vol). The sample was concentrated to 0.2 ml and 20 ,ul was analyzed by HPLC using an octadecyl column (250 x 4.6 mm) with 5 um packing and eluted at 1 ml/min with a four-step gradient of increasing solvent B in solvent A of 5% B (5 min), 5-10% B (5 min), 10-15% B (15 min), 35-40% B (5 min). Solvent A was water/formic acid (98:2; vol/vol) and solvent B was acetonitrile/formic acid (98:2; vol/vol). Eluant was monitored for UV absorbance at 271 and 340 nm and for radioactivity by scintillation counting.
Recoveries of the internal standard [14C]cinnamic acid were 65% ± 17% (n = 8), and corrections for losses were made for the individual samples by using the internal standard.
Histochemistry. Lateral cross-sections (10 ,um) of stems were prepared as described (20) and either stained with toluidine blue and examined in bright field with a Nikon Diaphot TMD microscope or examined for UV fluorescence with the same microscope in the fluorescence mode.
RESULTS
Phenotypes. In bean, PAL2 transcripts are found at very high levels during floral development and also accumulate in roots and stems (5) . To facilitate expression of the heterologous gene in tobacco, the -89 to -800 enhancer element of the cauliflower mosaic virus 35S promoter (21) was substituted for the sequences between -1170 and either -550 (pYE6) or -270 (pYE10, pYE11) in the PAL2 promoter. The phenotypes of transgenic plants containing these constructs fell into three classes: class I (15 of 23 independent transformants) showed no visible differences from wild type; class II (6 transformants) had altered flowers (see below); and class III (2 transformants) showed abnormal vegetative as well as floral development (Fig. 1) .
Class III transformants (YE6-16 and YE10-6) were stunted (Fig. 1A) . Their leaves were curled to give a spoon-like appearance and had a rough texture ( Fig. 1 A and B) . The leaves developed localized UV-fluorescent lesions ( Fig. 1 B and C), which resembled those in disease lesion mimic mutants (22) . The walls of stem xylem cells were thinner and contained markedly less lignin than wild type as monitored by either histochemical staining of cross-sections with toluidine blue, which stains lignin light blue, or by UV fluorescence ( Fig. 1 D and E) .
Plants vegetatively propagated from transformant YE10-6 had not flowered after 1 year. In YE6-16, the flowers were shorter and thicker than wild type, the filaments were shorter, less pollen was produced, pollen viability was severely reduced, and the anthers tended to abort (Fig. 1 F and  G) . Most strikingly, some petals were white (Fig. 1F) , and others showed a gradient of pink anthocyanin pigment accumulation, from wild-type levels at the edge ofthe petal to very low levels in internal regions adjacent to veins. The flowers of class II transformants showed some of these features, including similar changes in pigmentation patterns and levels and reduced amounts of viable pollen. Since the class II transformants exhibited a subset of the phenotypes of the class III transformants, we focused on the latter for further characterization of the effects of the bean PAL2 transgene. The leaves of YE6-16 and YE10-6 T1 plants exhibited a qualitative profile of soluble phenolic products very similar to that from wild-type plants. However, the levels of these products were substantially lower. Fig. 2 shows an HPLC analysis of soluble phenolic products from leaves of YE6-16 T2 plants. As pmol/g fresh weight, compared to 3.6 ± 1.2 in symptomless T2 plants and 3.7 ± 1.0 in wild-type plants.
Bean PAL2 and Tobacco PAL mRNA Levels. RNase protection experiments with a bean PAL2 sequence as probe showed that the transcript encoded by the transgene accumulated to high levels in leaves of YE6-16 and YE10-6 plants (Fig. 3A) . Thus, the level of PAL2 mRNA in these transgenic tobacco plants was only 2-3 times lower than in woundinduced bean hypocotyls, where the endogenous PAL2 gene is very strongly expressed (5) . No signal was observed when the bean PAL2 sequence was used to probe RNA from leaves of wild-type tobacco.
For analysis of transcripts encoded by endogenous tobacco PAL genes, a probe corresponding to a PAL gene sequence amplified from wild-type tobacco genomic DNA was used. RNA from leaves of wild-type tobacco contained appreciable levels of both the corresponding PAL transcript, which gave complete protection against RNase, and also several other tobacco PAL transcripts, which gave partial protection of the probe (Fig. 3B) and which are presumably encoded by other members of the gene family. In contrast, almost no protection was observed with RNA isolated from leaves of YE10-6 and YE6-16, indicating that the family of tobacco PAL transcripts did not accumulate in leaves of these transgenic plants expressing the bean PAL2 transgene. RNA from woundinduced bean hypocotyls gave no protection, confirming the specificity of this probe for tobacco PAL transcripts.
DISCUSSION
Transgene Phenotypes. Introduction of the bean PAL2 gene into transgenic tobacco plants can generate unusual and unexpected visible phenotypes. The transgene apparently inserted at different sites in independent transformants, and there was no alteration in the organization of the endogenous tobacco PAL genes, indicating that these phenotypes were not a consequence of insertional mutagenesis. Moreover, symptom development cosegregated with the transgene, and these effects have not been observed in transgenic plants containing other constructs-e.g., PAL2 promoter-GUS gene fusions (7, 8, 21 (26, 27) . Interestingly, the CHS and DFR transgenes are cosuppressed along with the respective endogenous genes (26, 27) (7, 8, 30 (35) , and this mechanism might contribute to the low levels of extractable PAL activity despite high levels of the PAL2 transcript.
Phenylpropanoid Functions. Stunted growth, leaf epinasty, and abnormal floral morphology cannot be readily accounted for in terms of well-established phenylpropanoid functions and therefore imply additional, unusual functions in growth and development. For example, the lesions and leaf curling are reminiscent of the effects of hormonal perturbations from expression of rol genes from Agrobacterium rhizogenes in transgenic plants (36) . In addition to the functions established for specific phenylpropanoids in rhizosphere signaling (37) , and the possible involvement of pathway intermediates in the internal regulation of the pathway (32) (33) (34) (35) , recent data indicate that dehydrodiconiferyl glucosides are involved in cytokinin action (37) , and physiological studies suggest that specific hydroxycinnamic acids and flavonoids may modulate auxin metabolism and polar transport, respectively (38, 39) . Finally, transgenic plants overexpressing a peroxidase gene exhibit leaf wilting at the initiation of flowering, suggesting physiological functions associated with the metabolism of cinnamyl alcohols (40) . Perturbation of phenylpropanoid metabolism by the altered expression of PAL genes in transgenic plants now provides an additional and powerful approach to dissecting functions of phenylpropanoid natural products.
